Abstract: Collisional relaxation of NCN produced by photolysis of NCN 3 at a wavelength of 248 nm has been investigated with laser-induced fluorescence (LIF) in a temperature range of 240-293 K and a pressure range of 10-800 mbar with different bath gases (He, Ne, Ar, Kr, H 2 , N 2 , O 2 , and N 2 O). LIF excitation spectra were recorded, and LIF intensity-time profiles experimentally obtained at an excitation wavelength of 329.01 nm have been fitted with biexponential functions. The pressure and bath gas dependence of the rate coefficients obtained was rationalized in terms of a simple Landau-Teller/Schwartz-Slawsky-Herzfeld model, and notable influences of vibrational energy transfer to the rate of the overall relaxation process have been found. Evidence was obtained for a two-channel vibrational relaxation in NCN.
Introduction
The quantitative understanding of elementary chemical steps in the gas phase including both reactive and energy-transfer processes is important for setting up adequate chemical models for combustion and atmospheric chemistry [1] [2] [3] .
In combustion chemistry, the kinetics of the cyanonitrene radical, NCN, has recently attracted attention [4] [5] [6] [7] [8] [9] [10] [11] because NCN is considered an important intermediate in the formation of so-called prompt NO in hydrocarbon flames under fuel-rich conditions [12] [13] [14] [15] [16] [17] [18] [19] [20] . Cyanonitrene is a linear diradical with a 3 − g electronic ground state [21, 22] and was shown to be formed under combustion conditions in the spin-allowed reaction CH(
2 ) + N 2 ( 1 + ) → H( 2 S) + NCN( 3 − g ) [12, 23, 24] .
In experimental kinetic studies, NCN is frequently produced by photolysis or thermal decomposition of cyanogen azide, NCN 3 [4-6, 8-11, 25, 26] . Because NCN 3 has a singlet electronic ground state, NCN in these experiments is preferentially formed in one of its singlet states, probably ã 1 Δ g [26, 27] . As a consequence, collision-induced intersystem crossing and vibrational relaxation of NCN has to be characterized if kinetic data of NCN( 3 − g ) reactions are to be obtained from such experiments. In the following, 1 NCN stands for NCN( 1 Δ g ) and 3 NCN for NCN( 3 − g ); the symbol * denotes vibrational excitation. Information in the literature on collisional relaxation processes of NCN is scarce. In 1966, Kroto [27] observed time-resolved absorption spectra after flash photolysis of NCN 3 in the gas phase and concluded primary formation of 1 
NCN
with subsequent relaxation to 3 NCN on a sub-millisecond time scale at pressures of 1 Torr NCN 3 (no bath gas). In 1968, Anastassiou and Shepelavy [28] performed NCN 3 photolysis in liquid 1,2-dimethylcyclohexane and concluded from stereochemical results that exclusively 1 NCN is formed at wavelengths between 210
and 300 nm. This is partly in contrast to results of a study in a solid nitrogen matrix by Schoen [29] , where direct formation of 3 NCN at wavelengths > 275 nm was observed. At shorter photolysis wavelengths, also 1 NCN was formed, and a first-order relaxation time of 0.5 ms for 1 NCN was obtained and attributed to phosphorescence [29] . Baren and Hershberger [30] studied the NCN + NO reaction in the gas phase by time-resolved detection of 3 NCN with laser-induced fluorescence (LIF) at 329.008 nm. These authors observed delayed rise times of the 3 NCN fluorescence signals on the order of 15 μs that were attributed to the mechanism of NCN formation via photolysis of CH 2 N 2 /C 2 N 2 mixtures. Huang et al. [31] and Yang et al. [32] , using the same detection technique but photolysis of NCN 3 at 193 nm as NCN source, did not report any delayed formation of NCN.
In two very recent works, Dammeier et al. [25, 26] [27, 35] .
A re-examination of the earlier studies by using high-resolution laser excitation was published by Beaton et al. [36, 37] in the 1990s. The first LIF excitation spectrum of 3 NCN was obtained by Smith et al. [38] , who produced NCN in a microwave discharge of N 2 and CF 4 in He. These authors detected and assigned diagonal and off-diagonal transitions and also determined fluorescence lifetimes and quenching cross sections for different bath gases. In recent years, LIF measurements at high temperatures were performed to directly study the chemistry of NCN in flames [13, 15, 18, [39] [40] [41] .
In the present work, we investigate the dependence on temperature, pressure, and bath gas of collisional relaxation of NCN produced by 248 nm photolysis of NCN 3 . We use time-resolved detection of 3 NCN with LIF at 329.01 nm. The results are interpreted with a simple Landau-Teller/Schwartz-Slawsky-Herzfeld model [42] [43] [44] , and in particular from the bath gas dependence, information on the mechanism of relaxation can be obtained. A kinetic model is proposed that is capable of describing the LIF intensity-time profiles observed.
Experimental
The experiments were performed in a flow reactor by using the pulsed laser photolysis/LIF technique. A detailed description of the experimental setup was given elsewhere [5] , and only the essentials are repeated here. The T-shaped reactor is made of stainless steel and has a volume of 640 cm 3 ; it is equipped with three quartz windows. Capillary tubes are mounted around the reactor to allow cooling with liquid nitrogen. The temperature of the reaction mixture was measured with two thermocouples positioned at the entrance and exit of the cell. During an experiment, the observed temperature difference did never exceed 5 K. The entire reactor is enclosed in a steel housing that can be evacuated to prevent condensation of water vapor on the windows. NCN radicals were produced by pulsed photolysis of NCN 3 at 248 nm with a KrF excimer laser operating at energies between 100 and 300 mJ/pulse with a pulse duration of 20 ns. The NCN fluorescence was excited with a frequencydoubled dye laser that was pumped by a Nd:YAG laser at 532 nm. The two laser beams propagated antiparallel through the cell, and the fluorescence was detected perpendicular to the beam axes with a photomultiplier tube.
A band-pass filter ( = 330±10 nm, full width at half maximum) was mounted between the cell and the photomultiplier and was removed while recording the LIF excitation spectra (see below). The signal from the photomultiplier was amplified, integrated in a boxcar integrator, digitized, and further processed on a personal computer. A digital delay generator was used to vary the delay time between the pulses of the photolysis and fluorescence excitation laser. The gas flow was set high enough to ensure exchange of the complete gas volume in the reactor between two subsequent photolysis pulses at a repetition rate of 10 Hz. The entire experiment was controlled by a home-written computer program. NCN 3 was synthesized by the reaction of NaN 3 (purity: 99%) with BrCN (97%) [45, 46] in analogy to the procedure described earlier [5, 9] . First, pestled NaN 3 was filled in a 30 cm Vigreux column and fixed with glass wool. The top opening of the column was then connected via a three-way connection to the vacuum line and a closed, evacuated 2 L Schlenk flask; the bottom opening was closed with a stopper cap. After degassing the NaN 3 by evacuating the column for 2 h, the stopper cap was replaced by a 10 mL glass bulb containing 0.4 g BrCN. The apparatus was again evacuated for 15 min, with the glass bulb being cooled with liquid nitrogen to prevent vaporization of BrCN. After removing the liquid nitrogen, BrCN was allowed to react under its own vapor pressure overnight with the NaN 3 . During this time, the BrCN completely disappeared, and part of the NaN 3 turned yellow indicating that NCN 3 had been formed. The valve to the evacuated Schlenk flask was opened, and the gaseous NCN 3 was collected therein.
A purity check of the product with mass spectrometry revealed no detectable contamination with BrCN. Finally, the NCN 3 was transferred into a stainless steel gas cylinder and diluted with the corresponding bath gas. We note that NCN 3 is highly explosive in liquid and solid form and must be handled with great care; in particular, any condensation must be strictly avoided. 
Data analysis

LIF excitation spectra
As mentioned in the introduction section, 3 NCN was detected in earlier kinetic studies either by laser absorption or by laser-induced fluorescence excited at wavelengths near 329 nm. To get an overview of the corresponding spectral characteristics under our experimental conditions, we recorded a LIF excitation spectrum in the range 325.5-330 nm. The spectrum was recorded at a temperature of 293 K and a pressure of 100 mbar with He as bath gas. Higher and lower pressures in the range 10-1000 mbar were also applied but no influence on the linewidths was observed. Changing the bath gas from He to Ar had also no effect. A variation of the laser fluence between 20 and 200 mJ cm saturated at these intensities, a fact that is in line with findings in [38] . The delay time between the pulses for photolysis and LIF excitation was kept constant at 500 μs. The spectrum was scanned with a step size of 0.005 nm by averaging over 50-60 shots for each wavelength. To increase the signal intensity, the bandpass filter mentioned above was not used in these experiments. Instead, the undispersed fluorescence was recorded.
The spectrum obtained is shown in Figure 1 . It is in very good agreement with spectra published in the literature [21, 27, 38] . The assignments of the peaks were adopted from [21, 38] and are based on a theoretical analysis by Hougen [47] . From these assignments, it becomes clear that excitation at 329.01 nm with a bandwidth on the order of 0.01 nm (corresponding to 1 cm Note that for higher temperatures the latter contribution may increase as was discussed in [41] . At our experimental conditions, however, we take the intensity of the fluorescence excited at 329.01 nm as a measure for the population of 3 NCN in its vibronic ground state, 3 − g (000). The peaks designated with * in Figure 1 could not be assigned but showed the same temporal behavior as the other peaks and, thus, are likely to also belong to NCN.
Also a LIF excitation spectrum for the wavelength range 316.5-320.2 nm was recorded and is given in the Supplementary Material ( Figure S1 ). We note in passing that we also tried to detect laser-induced fluorescence of 1 NCN after excitation at around 332.8 nm. At this wavelength, 1 NCN was successfully detected in absorption experiments [26] . However, we were not able to observe any fluorescence and conclude that radiationless relaxation processes dominate in this case. (34 ppm); the solid line represents a biexponential fit according to Equation (1), the inset illustrates the quasi-linear initial increase for < 0 (here with 0 ∼ 30 μs, see text). and marks the starting point of the reaction. All obtained profiles look very similar and can be subdivided into three different periods. Immediately after the photolysis pulse, an induction period 0 ≤ ≤ 0 was observed, in which the LIF intensity almost linearly increased. In general, 0 was found to lie on the order of microseconds and to decrease with increasing pressure; it was no longer discernible at the highest pressure of about 800 mbar.
LIF intensity-time profiles
After the induction period, the LIF intensity exhibits a steep rise that is followed by a slower increase to finally reach a plateau value. This plateau value, within the error margin of our experiments, was found to remain virtually time-independent over several milliseconds and then to decrease very slowly with a rate coefficient of at most 30 s −1 . We assign this slow decrease to NCN selfreaction and other bimolecular loss processes. Very similar profiles were also observed by Dammeier et al. [26] in 3 
NCN
absorption experiments. These authors fitted triexponential rate laws to the absorbance-time profiles, where a biexponential increase of the absorbance was described by two rate coefficients, fastapp and slowapp , and a slow decrease of the plateau at longer times by a third rate coefficient, con . The induction period, 0 , was treated separately [26] . From a comparison of 1 NCN and 3 NCN profiles, the rate coefficient of the slow component, slowapp , was attributed to CIISC.
To enable a comparison of our results with those from Dammeier et al. [26] , we first derive heuristic rate coefficients from the measured LIF intensity-time profiles and discuss mechanistic aspects and possible extensions of the model later. In contrast to the authors of [26] , however, we used a biexponential fit function, because the decrease of the signals at longer times is much slower in our experiments than in the experiments described in [26] . Accordingly, a third rate coefficient would have no significance. The reason for the faster long-time decrease in [26] is probably the higher initial concentrations of NCN 3 . We note in passing that the problem of parameter significance in multiexponential fits has long been known [48] and refer the reader to [49] for a somewhat more detailed discussion.
The following fit function for the LIF intensity-time profiles at ≥ 0 was used:
The fitting parameters are (∞), fast , slow , fast , slow , and 0 , where (∞) and the amplitudes fast and slow have only limited meaning outside our special experimental arrangement. The more general quantities fast , slow , and 0 will be discussed in the following sections. The quality of the fits is illustrated in Figure 2 .
Results and discussion
Pressure and bath gas dependence of k fast , k slow , and t 0
The numerical values of fast , slow , and 0 obtained for different experimental conditions are displayed in Figures 3 and 4 and compiled in Table S1 of the Supplementary Material. We estimated uncertainties of ± 30% in the experimental values of fast and slow , which is illustrated by exemplary error bars in Figure 3 . These uncertainties essentially account for statistical errors of the fits. The errors in the induction times 0 are generally larger and increase with decreasing 0 at higher pressures. This is exemplarily shown for Ar as bath gas in Figure 4 . The major reason is that 0 is strongly correlated with fast , and small variations in fast lead to comparatively large variations in 0 .
It turns out that the first-order rate coefficients fast and slow differ by about one order of magnitude and are proportional to the pressure, whereas the induction time 0 is nearly inversely proportional to the pressure. This is illustrated by the dashed lines with unity slope in the log−log plots of Figures 3 and 4 . As is also obvious from Figures 3 and 4 , all three quantities strongly depend on the nature of the bath gas, where similar trends for fast and slow can be realized. For both rate coefficients, we found large values e.g., for N 2 O and low values for Ne, Ar, and Kr as bath gas.
The linear pressure dependence of fast and slow , which is also observed in [26] for the corresponding quantities fastapp and slowapp , respectively, is a clear indication that these rate coefficients, which describe the increase of the A comparison of the rate coefficients with results from [26] is made in Figure 5 . Different pictures arise for the fast and slow component. Whereas the absolute values and pressure dependences of fast and fastapp agree well, differences occur between slow and slowapp . At low pressures, the absolute values of the latter two quantities are in reasonable agreement but the pressure dependence appears to be different. We obtain a linear dependence for slow , whereas a weaker dependence for slowapp was found by Dammeier et al. [26] . The latter behavior was already discussed in [26] in terms of a pressure saturation effect that was earlier observed in quenching of SO 2 [50] . A definite reason, however, for the weak pressure dependence could not be identified. Uncertainties of slowapp and fastapp are not reported in [26] . From Table 2 of the Electronic Supplementary Information of [26] , statistical errors in the order of ± 10% and ± 50%, respectively, can be estimated. Insofar the differences between slow and slowapp at the higher pressures seem to be statistically significant. The major difference between the experiments in [26] and the current work, besides the detection method, is the wavelength of the NCN 3 photolysis. Photoly-sis with an ArF laser at 193 nm in [26] could produce higher excited states of NCN than photolysis with a KrF laser at 248 nm used in this work. This different excitation could well lead to different quenching kinetics, in particular since slowapp is assumed to describe CIISC that is, electronic relaxation [26] . Further experiments with higher state resolution would probably help to rationalize these differences.
Mechanistic considerations
From Table 1 . Several interesting observations can be made regarding the bath gas dependence of these rate coefficients.
First, for the rare gases both bim fast and bim slow decrease with increasing mass of the collider (with a small deviation in the case of Ne), which is quite a typical behavior for vibrational relaxation by vibration-to-translation ( -) energy transfer [42] . For the further discussion, it is advantageous to transform the rate coefficients to dimensionless transition probabilities per collision, ⟨⟨ ⟩⟩, by the relation [42] ⟨⟨ ⟩⟩ = (
We consider the fast and slow component separately and set where is the reduced mass of the collider pair and denotes the temperature [42] . In Figures 6 and 7 , log⟨⟨ ⟩⟩ is plotted vs.
1/3 and −1/3 , respectively, and least-squares fits obtained for the rare gases are shown. For calculating LJ in Equation (2), Lennard-Jones parameters for the bath gases were taken from [52] , and those of NCN were approximated by the values for CO 2 . The wavenumbers for NCN were adopted from [53] : 1 = 1197 cm −1 (sym. stretch), 2 = 437 cm −1
(bend), and 3 = 1467 cm −1 (asym. stretch). These wavenumbers yield for the expression in the denominator of Equation (2) generally values of (1 − 10( ) ) ∼ 1 at = 293 K. From the linear fits in Figures 6 and 7 , it becomes obvious that the relations predicted by the LT-SSH model hold reasonably well for both rate coef- ficients in the case of the rare gases. We note, however, that the absolute values of the rate coefficients are rather high for -energy transfer [42] .
Compared to these monoatomic gases, H 2 is a somewhat less efficient collider and falls below the LT-SSH fits in Figure 6 for both rate coefficients. The triatomic 
Kinetic modeling
The assumption that the observed rate coefficients fast and slow (resp. bim fast and bim slow ) are governed by vibrational energy transfer is also supported by the measured LIF intensity-time profiles. If one assumes that the LIF intensity is essentially a measure of the 3 NCN(000) population (see Section 3.1), then it is obvious from the induction period and the subsequent rise of the profiles shown e.g., in Figure 2 that there must be at least two parallel populating channels for 3 NCN(000). From our considerations in Section 4.2, we conclude that these two channels are likely to be vibrational relaxation channels of 3 
NCN.
On the basis of these assumptions, we modeled our results in terms of the following simplified kinetic scheme:
The photolysis step (Reaction (R0)) is fast on the timescale of our experiment, and Reaction (R1) represents the subsequent relaxation within the We note that in vibrational relaxation processes, often the 1-0 transition is ratedetermining [42] . The system of differential equations arising from the reaction system (R1)-(R3b) can be analytically solved if all reactions are assumed to proceed by (pseudo-)first order [56] Figure 8 . Note that our model very well reproduces the induction time 0 (cf. inset of Figure 8 ). With only one rate-determining step that leads to 3 NCN(000), we were not able to simulate the entire intensity-time profile. We note that we performed these simulations manually just to show that the reaction system proposed is generally capable of describing our measured LIF intensity-time profiles including the induction period. We did not attempt to fit rate coefficients for Reactions (R1)-(R3b), which is problematic for such multiexponential functions as was already pointed out in Section 3.2.
A similar mechanism was proposed in [26] that contained an additional step, ical bi-and triexponential functions, respectively. More sophisticated models, however, turned out to be numerically unstable [26] , and the induction times 0 were accounted for ad hoc by shifting the exponential fit function along the time axis. Another difference to our mechanism was the inclusion of a photolytic channel leading directly to 
Summary and conclusions
The collision-induced relaxation of NCN produced from pulsed photolysis of NCN 3 at 248 nm was studied in different bath gases at pressures between 10 and 800 mbar and temperatures ranging from 240 to 293 K. 
